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S51: Set laser power below the plasma threshold for the glass of
the PI lens; move the objective lens and record the
photodetector signal; determine the objective lens position 7,
corresponding to the target tfocus point based on the peak of the
photodetector signal

\ 4

S52: Set laser power above and near the plasma threshold for
the glass of the Pl lens; mitially focus the laser beam outside of
the Pl lens, and move the objective lens to move the focus point

into the Pl lens; record photodetector signal; determine the
objective lens posttion Z> corresponding to the distal surface of
the PI lens based on a sudden fall of the photodetector signal

l

S53: Calculate an offset value from 7Z»-7 and store it

Fig. 5

S61: Couple Pl to patient’s eve and laser system
562: Set laser power to a low level

v

563: Move objective lens and detect reflected light signal
S564: Obtain objective position Z; at peak of light signal

'

S63: Based on Z; and pre-stored value o, determine objective
lens position that will place the tocus point at the distal surface
of Pl lens or at a desired depth d below the distal surface, and
move the objective to the destred position

l

S66: Operate scanners to scan the laser focus point in the eye

Fig. 6
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DETECTION OF OPTICAL SURFACE OF
PATIENT INTERFACE FOR OPHTHALMIC
LASER APPLICATIONS USING A
NON-CONFOCAL CONFIGURATION

This application claims priority to and 1s a continuation of

Ser. No. 16/112,507, filed Aug. 24, 2018, which 1s incorpo-
rated herein by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to an ophthalmic laser system and
method for laser focus point calibration, and in particular, it
relates to an ophthalmic laser system employing a non-
confocal optical system and related method for calibrating
the depth position of the laser focus point.

Description of Related Art

An ophthalmic laser system generally includes a laser
device that generates a laser beam, such as a pulsed laser
beam, and a beam delivery optical system that delivers a
focused spot of the laser beam 1nto a patient’s eye. The beam
delivery system includes a scanner sub-system for scanning
the laser focus spot in three dimensions to produce a cutting
pattern within a desired volume of the eye to eflectuate
various desired treatments, such as tissue incisions. More
specifically, the beam delivery system may include the
following components, some of which are optional: a polar-
ization beam attenuator for beam energy control, a beam
sampler used to sample the beam for energy monitoring, a
shutter, Z scanning optics (e.g. a lens) for changing the depth
position of the laser focus spot in the eye (the depth direction
or Z. direction being substantially parallel to the propagation
direction of the laser beam and the optical axis of the eye),
X-Y scanning optics (e.g. mirrors) for scanning the laser
focus spot 1n two transvers directions perpendicular to the
depth direction, beam expander, beam rotator, various turn-
ing mirrors to change the beam direction, a focusing objec-
tive lens, and additional optical elements after the objective
lens. The various components are coupled to a control
system employing a computer and/or processors and/or
hardware circuitry.

During the ophthalmic procedure, the patient’s eye 1s
physically coupled to the beam delivery system via a dis-
posable patent interface (PI) device, which 1s attached at its
proximal end to a housing of the beam delivery system and
at 1ts distal end to the surface of the eye.

The objective lens 1s mounted on a movement structure
and moveable 1n the Z direction relative to the housing 1n
order to focus the laser beam at desired depths within the eye
and to vary the depth of the focus spot. An important
calibration step in the operation of an ophthalmic laser
system 1s to establish the position of the objective lens that
focuses the laser beam to a known depth (Z position). In
some conventional methods, calibration of the objective lens
1s done by placing a reflective surface i front of the
objective lens at a known Z position relative to the beam
delivery system housing, and using a confocal detector to
measure the amount of reflected light that has traveled back
through the objective lens, to determine the Z position of the
objective lens that focuses the beam on the reflecting sur-
face.
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FIG. 1 schematically 1llustrates a portion of an ophthalmic
laser system 10 that uses a confocal detection configuration
for Z position calibration.

More generally, confocal microscopy 1s a widely used tool
in biological imaging, because it significantly improves the
contrast of 1images compared to wide field microscopy, and
it allows depth segmenting. A confocal microscope 1s based
on a double filtering operation: a certain volume 1nside the
sample 1s selectively illuminated by a focused beam, and
light originating from this focal volume 1s selectively
observed using a pinhole in the detection pathway. The
pinhole 1s located 1n a plane conjugated with the focal plane,
and suppresses light originating from any location other than
the focal volume. With this method, a point of a sample can
be probed with higher contrast with respect to 1ts surround-
ings. Images are built by scanning the probed focal volume
inside the sample. In typical biological media, confocal
microscopy allows one to obtain clear, background free
images only up to a certain point.

In the system shown in FIG. 1, a laser source 11, the
details of which are not shown, includes the laser device and
associated optical components that are configured to pro-
duce a laser beam. A part of the laser beam passes through
a beam splitter 12, and after being retlected by one more
mirror 13, 1s focused by the objective lens 14. The laser light
that exits the objective lens 1s retlected by a reference
reflective surface 18 A disposed below the objective lens 14,
and the reflected light travels backwards into the objective
lens. The reference surface 18A may be, for example, a
surface of an optical element 18 of the PI (referred to as the
PI lens), where the PI 1s physically attached to the beam
delivery system housing and remains stationary relative to
the housing. After the back-reflected light 1s focused by the
objective lens and reflected by the mirror 13, a part of the
reflected light 1s reflected by the beam splitter 12 into a
confocal detection assembly. The confocal detection assem-
bly 1ncludes a lens 15 (referred to as the confocal lens), a
pinhole 16, and a two-dimensional light intensity detector
17. The confocal lens 15 1s configured to focuses a parallel
light beam to the pinhole 16, and the light that passes
through the pinhole 1s detected by the detector 17.

Referring to FIGS. 1 and 2, to calibrate the Z position of
the objective lens 14, the laser source 11 1s operated to
generate a parallel laser beam. The objective lens 14 1s
continuously moved in the 7 direction, and the back-re-
flected light that has traveled through the objective lens 1s
continuously detected by the confocal detection assembly as
the objective lens 1s moved. In FIG. 2, the objective lens 14
may be optically represented by a thin lens having a focal
distance 1, even though the objective lens 1s typically formed
of a set of lenses. As shown 1n FIGS. 1 and 2, the incident
laser beam 1s a parallel beam and 1s focused by the objective
lens 14 to a focus point F. As the objective lens 14 1s moved
in the Z direction, when the focus point F 1s located on the
reflective surface 18A (1.e., the distance between the objec-
tive lens and the reflective surface equals the focal distance
of the objective lens, see FIG. 2), the light retlected by the
surface 18A 1s focused by the objective lens 14 into a
parallel beam. Then, the confocal lens 15 focuses the parallel
beam onto the pinhole 16, and the light passing through the
pinhole 1s detected by the detector 17 to produce a signal.
The confocal lens 15 and the pinhole are designed such that
a parallel beam will be focused to a focus spot comparable
to or smaller in size than the pin hole (which 1s for example
microns in size), so a majority of the light passes through the
pinhole to be detected by the detector 17. On the other hand,
when the focus point F 1s located away from the reflective




US 11,789,256 B2

3

surface 18 A (not shown 1n FIG. 2), the light reflected from
the surface 18 A, after passing through the objective lens 14,

will not be a parallel beam. Thus, the retlected beam that
enters the confocal lens 15 1s not focused onto the pinhole
16, and as a result, the amount of light that passes through
the pinhole 16 to reach the detector 17 1s significantly
reduced. Therefore, the signal detected at the detector 17
(referred to as the auto-Z signal) peaks when the focus spot
F of the objective lens 1s on the reflective surface 18A. By
continuously moving the objective lens 14 1n the Z direction
and continuously detecting the auto-Z signal, the position of
the objective lens that focuses the parallel incident laser
beam on the reflective surtace 18 A 1s obtained. This process
1s sometimes referred to as detecting the optical surface of
the PI. Once this objective lens position i1s known, the
objective lens position that will place the laser focus point at
any desired depth relative the reference surface 18A can be
determined.

SUMMARY

The present invention 1s directed to an ophthalmic laser
system and related method that substantially obviates one or
more of the problems due to limitations and disadvantages
of the related art.

An object of the present invention i1s to provide an
ophthalmic laser system that uses a simpler structure for Z
direction calibration.

Additional features and advantages of the mvention will
be set forth 1n the descriptions that follow and 1n part will be
apparent from the description, or may be learned by practice
of the invention. The objectives and other advantages of the
invention will be realized and attained by the structure
particularly pointed out 1n the written description and claims
thereol as well as the appended drawings.

To achieve the above objects, the present invention pro-
vides an ophthalmic laser system which includes: a laser
source configured to generate a parallel light beam; an
objective lens configured to focus the parallel light beam to
a focus point; an objective lens movement structure config-
ured to move the objective lens 1n a Z direction which 1s
parallel to an optical path of the ophthalmic laser system; a
light intensity detector; and a beam splitter disposed to guide
a portion of the light beam from the laser source to the
objective lens and to guide a portion of a back-reflected light
beam from the objective lens to the light mtensity detector,
wherein the optical path 1s free of any lens or pinhole
between the objective lens and the light intensity detector.

The ophthalmic laser system further includes a controller
clectrically coupled to the light detector and the objective
lens movement structure, the controller being configured to
control a movement of the objective lens and to analyze a
corresponding signal detected by the light intensity detector
to determine a position of the objective lens in the Z
direction.

In some embodiments, the controller 1s configured to: set
a power of the light beam to a first power below a plasma
threshold for the patient interface optical element, and while
the power 1s set to the first power: control the objective lens
movement structure to move the objective lens 1n the Z
direction; control the light intensity detector to measure a
light that has been reflected back by the optical surface of the
patient interface optical element and has passed through the
objective lens; analyze a light intensity signal produced by
the detector while the objective lens 1s moved; and deter-
mine a first position of the objective lens that corresponds to
a peak position in the light intensity signal; set the power of
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the light beam to a second power above the plasma threshold
for the patient interface optical element, and while the power
1s set to the second power: control the objective lens
movement structure to move the objective lens 1n the Z
direction to move the light focus point from a position
outside of the patient interface optical element through the
optical surface to a position inside the patient interface
optical element; control the light intensity detector to mea-
sure a light that has been reflected back by the optical
surface of the patient interface optical element and has
passed through the objective lens; and determine a second
position of the objective lens that corresponds to a sudden
decrease 1n the light intensity signal; and calculate a difler-
ence between the first and second positions as an offset value
and store the oflset value.

In some embodiments, the controller 1s configured to:
control the objective lens movement structure to move the
objective lens 1n the Z direction; control the light intensity
detector to measure a light that has been reflected back by
the optical surface of the patient interface optical element
and has passed through the objective lens; analyze a light
intensity signal produced by the detector while the objective
lens 1s moved; determine a first position of the objective lens
that corresponds to a peak position in the light intensity
signal; calculate a second position of the objective lens
based on the first position, an offset value pre-stored in the
controller, and a depth value, wherein the oflset value
represents a distance between the optical surface of the
patient interface optical element and a light focus position
that corresponds to the peak position 1n the light intensity
signal; move the objective lens to the second position; and
operate the laser source to scan the focus point of the light
beam according to a scan pattern.

In another aspect, the present invention provides a method
implemented 1n an ophthalmic laser system, the ophthalmic
laser system comprising a laser source for generating a light
beam, a moveable objective lens for focusing the light beam,
a light intensity detector for detecting a light signal from the
objective lens, and a controller, the method including:
mounting a patient interface device on the ophthalmic laser
system, the patient interface device having an optical ele-
ment with a distal optical surface; using the objective lens to
focus the light beam generated by the laser source to a focus
point located inside the patient interface optical element;
moving the objective lens to move the focus point; using the
light 1ntensity detector, detecting a back-reflected light that
has been reflected by the distal optical surface of the patient
interface optical element and has passed through the objec-
tive lens, to generate a light intensity signal, wherein the
back-reflected light travels from the objective lens to the
light intensity detector without passing through any other
lens or any pinhole; analyzing the light intensity signal to
determine a first position of the objective lens that corre-
sponds to a peak position in the light intensity signal;
determining a second position of the objective lens that
focuses the light beam to the distal optical surface of the
patient interface optical element; calculating a difference
between the first and second positions of the objective lens
as an oflset value; and storing the oflset value.

The step of determining the second position of the objec-
tive lens includes: setting a power of the light beam to be
above the plasma threshold for the patient interface optical
clement; moving the objective lens to move the light focus
point from a location outside of the patient interface optical
clement through the distal optical surface to a location 1nside
the patient interface optical element; using the light intensity
detector, detecting a light generated at the focus point that
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has passed through the objective lens; and analyzing the
light intensity signal to determine the second position of the
objective lens which corresponds to a sudden decrease of the

light intensity signal.

In anther aspect, the present invention provides a method
implemented in an ophthalmic laser system, the ophthalmic
laser system comprising a laser source for generating a light
beam, a moveable objective lens for focusing the light beam,
a light intensity detector for detecting a light signal from the
objective lens, and a controller, the method including:
mounting a patient interface device on the ophthalmic laser
system, the patient interface device having an optical ele-
ment with a distal optical surface; using the objective lens to
tocus the light beam generated by the laser source to a focus
point located inside the patient interface optical element;
moving the objective lens to move the focus point; using the
light intensity detector, detecting a back-retlected light that
has been retlected by the optical surface and has passed
through the objective lens, to generate a light intensity
signal, wherein the back-reflected light travels from the
objective lens to the light intensity detector without passing
through any other lens or any pinhole; analyzing the light
intensity signal to determine a {irst position of the objective
lens that corresponds to a peak position 1n the light intensity
signal; calculating a second position of the objective lens
based on the first position, a pre-stored oflset value, and a
depth value, wherein the offset value represents a distance
between the distal optical surface of the patient interface
optical element and a light focus position that corresponds to
the peak position 1n the light intensity signal; moving the
objective lens to the second position; and operating the laser
source to scan the focus point of the light beam according to
a scan pattern.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are intended to provide further
explanation of the mvention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates a portion of a conven-
tional ophthalmic laser system that uses a confocal detection
configuration for calibrating the Z position of the objective
lens.

FIG. 2 schematically illustrates the principle of calibrat-
ing the Z position of the objective lens in the laser system of
FIG. 1.

FI1G. 3 schematically 1llustrates a portion of an ophthalmic
laser system that uses a non-confocal detection configuration
for calibrating the Z position of the objective lens according
to an embodiment of the present invention.

FIGS. 4A and 4B schematically illustrate the principle of
calibrating the Z position of the objective lens in the laser
system of FIG. 3.

FIG. 5§ schematically 1illustrates a method for calibrating
the Z position of the objective lens 1n the laser system of
FIG. 3.

FIG. 6 schematically illustrates a method for calibrating
the Z position of the objective lens and performing ophthal-
mic procedure using the laser system of FIG. 3.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

As described above, the conventional optical system for
calibrating the Z position of the objective lens uses a
confocal detection assembly including a lens and a pinhole
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in front of the detector. Such a confocal system requires
precise alignment of the confocal lens to the pinhole, as the
confocal lens must focus the waist of the light precisely at
the pinhole. This makes the system relatively complex in
terms of both manufacturing of the precision components
and the alignment of the components.

Embodiments of the present invention provide a simpler
optical system for calibrating the Z position of the objective
lens, which uses a lens 1imaging principle that does not use
a confocal configuration.

FIG. 3 schematically illustrates a portion of an ophthalmic
laser system 30 that uses a non-confocal detection configu-
ration for Z position calibration according to an embodiment
of the present invention. In the system shown 1n FIG. 3, the
laser source 31, the details of which are not shown, includes
a laser device and associated optical components that are
configured to produces a laser beam. A part of the laser beam
passes through a beam splitter 32, and after being reflected
by one more mirrors 33, 1s focused by the objective lens 34.
In a preferred embodiment, the objective lens 34 has a
relatively high numerical aperture (NA), for example,
approximately 0.4 or higher. The focus spot size produced
by the objective lens 1s preferably as small as 2 um, or 1 um,
or even smaller.

The objective lens 34 1s mounted on a movement structure
and moveable 1n the Z direction relative to the housing 1n
order to focus the laser beam at desired depths and to vary
the depth of the focus spot. The movement structure may
include any suitable mechanical structure, such as a trans-
lation stage driven by a motor, etc.

A part of the laser light that exits the objective lens 34 1s
reflected by a reference retflective surface 38A disposed
below the objective lens 34, and the retlected light travels
backwards into the objective lens 34. After the back-re-
flected light 1s focused by the objective lens 34 and retlected
by the mirror 33, a part of the retlected light 1s reflected by
the beam splitter 32 onto a small two-dimensional light
intensity detector 37 (e.g. a photodetector). No confocal lens
or pinhole 1s used 1n front of the detector 37.

In preferred embodiments, the reference retlective surface
38A 1s the distal surface of an optical element 38 of the PI
(referred to as the PI lens), 1.e. one of the two surface of the
PI lens that 1s located farther away from the objective lens.
The PI lens may be a piece of flat glass, or 1t may have one
or two curved surfaces. The PI i1s physically attached to the
beam delivery system housing and remains stationary rela-
tive to the housing. FIG. 3 schematically 1llustrates a part of
the housing 39, and the PI lens 38, but the rest of the housing
and the PI are not shown. While the PI lens 1s transparent,
in practice, its surfaces reflect a small portion (e.g. a few
percent) of the beam back to the optical system. This
reflected beam 1s used to calibrate the Z position of the
objective lens.

The principle of Z position calibration 1n the laser system
of FIG. 3 1s described below with reference to the schematic
illustration 1n FIGS. 4A and 4B. In FIGS. 4A and 4B, the
objective lens 34 1s optically represented by a thin lens
having a focal distance 1, although the objective lens 1s
typically formed of a set of lenses. It should be noted that
FIGS. 4A and 4B are intended to explain the relevant optical
principles; the various distances depicted 1n the figures are
not to scale.

FIG. 4 A illustrates a situation where the objective lens 34
focuses the parallel incident beam to a focus point F located
between the objective lens 34 and the distal surface 38A of
the PI lens 38, and inside the PI lens. In other words, the
distal surface 38A 1s located beyond the focal plane of the
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objective lens 34. The forward propagating light diverges
after the focus point F and 1s then reflected by the reflective
surface 38A. To the objective lens 34, the reflected light
appears to originate from a point B behind the reflective
surface 38 A, the point B being the mirror image of the focus
point F with respect to the reflective surface 38A. The
distance from the equivalent origin B to the objective lens 34
1s u=1+206 (Equation (1)), where 6=FA 1s the oflset between
the focus point F and the distal surface 38 A of the PI lens.
The reflected light from the equivalent origin B 1s focused by
the objective lens 34 to an 1image point D at a finite distance
v Ifrom the objective lens. The detector 37 1s located at the
image point D, and no other lens 1s disposed between the
objective lens 34 and the detector 37. In the laser system 30,
the distance DA between the location D of the detector 37
and the retlective surface 38A 1s a constant because both the
detector and the reflective surface 38 A are fixed with respect
to the system housing, 1.e., DA=v+1+0, or DA~v+1 (Equa-
tion (2)) when 6 1s much smaller than both v and 1 (discussed
later) and can be 1gnored. In other words, v can be treated as
a fixed value determined by the hardware configuration.

Using Equations (1) and (2) and the following lens
formula for a thin lens (Equation (3)),

where u 1s the object distance and v 1s the 1image distance,
and taking into consideration that 0 1s much smaller than
both v and 1 and that 1 1s much smaller than v (discussed
later), one obtains (Equation (4)):

The above equations are for focusing in the air. Since the
focus point F 1s located inside the PI lens 38, the refractive
index n of the PI lens material 1s taken into consideration,
and one obtains (Equation (5)):

The point inside the PI lens 38 at the distance ¢ from the
distal surface 38A, where 0 satisfies Equation (3), 1s referred
to as the target focus position for convenience.

It should be understood that 1n the above equations, the
various distances are the distances along the optical path; the
optical path may be folded by mirrors or beam splitters.

In some embodiments of the laser system 30, the focal
distance 1 1.e. the equivalent focal length of the objective
lens 34, 1s a few mm, e.g. approximately 4 mm. Meanwhile,
the distance DA from the detector 37 to the distal surface
38A of the PI lens, 1.e., DA=v+1 (1gnoring 0), may be several
hundreds of mm, because the choice of the detector location
1s not constrained and the image distance v may be length-
ened 1f desired by folding the optical path with mirrors. In
one particular embodiment, where the 1image distance v 1s
approximately 500 mm, the equivalent focal length 1 1s 3.92
mm, and the refractive index of the PI lens (glass) 1s n=1.45,
Equation (35) gives 0=~22 um. These values confirm that o 1s

10

15

20

25

30

35

40

45

50

55

60

65

8

much smaller than both v and 1 (by at least a factor on the
order of 100) and that 1 1s much smaller than v (by a factor
on the order of 100).

When the objective lens 34 focuses the laser beam at
positions other than the target focus position, the back-
reflected light will not be focused on the detector 37 at the
pomnt D, but will be focused before 1t, after it, or not be
focused at all. FIG. 4B schematically i1llustrates an example
where the focus point F' 1s located beyond the reflective

surface 38A, 1.e. outside of the PI lens 38. The light from the

objective lens 34 converges as it strikes the reflected surface
38A and 1s reflected by 1t; therefore, to the objective lens 34,
the back-reflected light appears to originate from a point B
in front of the retlective surface 38A, the point B' being the
mirror 1mage oif the focus point F' with respect to the
reflective surface 38A. Since the distance from the point B'
to the objective lens 34 1s shorter than the focal distance, the
back-reflected light remains divergent aiter 1t passes through
the lens 34. As 1llustrated 1n FIG. 4B, the distance from the
focus point F' to the reflective surface 38 A 1s denoted A the
back-reflected light has an object distance u=t-2A, and
forms a virtual image at a point B' behind the lens 34.

To summarize, the back-reflected light from the distal
surface 38 A of the PI lens 38 will only form a well focused
real 1image on the detector 37 when the objective lens 34
focuses the parallel beam to the target focus position at 9.
The detector 37 has a relatively small effective detection
area, such as about 1 mm” or smaller. Having a small
cllective detection area refers to the detector either having a
physically small detection area or being controlled to detect
light falling within a small area. As a result, when the
back-reflected light 1s not focused on the detector, substan-
tial portions of the reflected light will not fall on the effective
detection area and the detected light intensity will decrease
significantly. Therefore, the light intensity signal detected at
the detector 37 (the auto-Z signal) peaks when the objective
lens focuses the parallel beam to the target focus position.
Thus, by continuously moving the objective lens 34 1n the Z
direction and continuously detecting the auto-Z signal, the
position of the objective lens that corresponds to the target
focus position 1s determined. The system can achieve a
sub-micron depth resolution of the Z position detection. As
noted earlier, the objective lens 34 1s typically formed of a
set of lenses even though 1t 1s optically represented by a thin
lens 1n the above analysis. Accordingly, moving the objec-
tive lens 1n the Z direction may include moving one or more
of the lenses 1n the set of lenses so that the optical eflect 1s
that the thin lens representing the objective lens 1s moved in
the Z direction.

Once the objective lens position corresponding to the
target focus point 1s known, and given the knowledge of the
value 9, the objective lens position that places the laser focus
point at the distal surface 38A of the PI lens can be
determined, since the focus point 1s moved by the same
amount as the movement of the objective lens. Further, the
objective lens position that will place the laser focus point at
any desired depth relative to the distal surface 38 A of the PI
lens can also be determined.

From FIG. 3, it can be seen that the principle of Z position
calibration applies equally when the retlective surface 38A
1s the proximate surface of the PI lens, in which case the
target focus point F 1s located 1n the air at a distance 6 from
the proximate surface. But because the depths of the ana-
tomical structures of the eye are more directly related to the
distal surface of the PI lens, 1t 1s more desirable to measure
the target focus point relative to the distal surface.
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For a given laser system, the value 0 that defines the target
focus position 1s fixed, as 1t 1s related to the focal length 1 of
the objective lens and the fixed distance DA from the
detector 37 to the surface 38A by Equation (5). While 1n
principle the value o0 for a given laser system can be
calculated from Equation (3), 1n practice, the fixed distance
DA may be cumbersome to measure. Thus, rather than
calculating the value ¢ from Equation (5), the value 6 may
be empirically determined using the following process. In
this method, the location of the distal surface of the PI lens
1s determined by using a high power beam to cause plasma
formation at the surface of the PI lens.

Referring to FIG. 5, first, the objective lens position
corresponding to the target focus point 1s determined by
moving the objective lens in the Z direction and recording
the auto-Z signal measured by the detector 37, as described
carlier (step S51). The objective lens position corresponding
to the peak of the auto-Z signal 1s determined and denoted
Z.,. In this step, the laser power 1s set to be below the plasma
threshold for the glass of the PI lens. Preferably, the objec-
tive lens position 1s moved 1n the deep-to-shallow direction
(1.e. 1n the upward direction 1n the orientation of FIG. 3). For
example, the laser focus point may be mitially placed
outside the PI lens 38 beyond the distal surface 38 A, and the
objective lens 1s moved in an appropriate direction to move
the focus point upwards until the focus point moves 1nto the
PI lens and past the target focus position, while the peak of
the detector signal 1s observed to determine Z,.

Then, the laser power 1s set to be above and near the
plasma threshold for the glass of the PI lens, and the
objective lens 1s imitially set at a position that places the laser
focus point outside of the PI lens 38 (beyond the surface
38A, 1.e. 1n the air) and then moved 1n the deep-to-shallow
direction, while the detector signal i1s recorded (step S52).
When the laser focus point 1s moved from air into the PI
lens, the detector signal will suddenly fall when the laser
focus touches the glass surface due to plasma formation 1n
the glass. For example, the signal may be slow-varying and
then suddenly fall by 15% or more (for example, as much as
40% 1n some 1nstances) within a Z range of 1 um. This
sudden fall 1s believed to be caused by the damage (burn) at
the glass surface which scatters the light. The objective lens
position corresponding to the sudden fall of the detector
signal 1s determined and denoted Z, (step S52). This position
corresponds to the location of the distal surface of the PI
lens. The value 0 1s calculated as the differences between the
two positions of the objective lens: 0=7,-7Z, (step S53).

The above method shown in FIG. 5 1s performed after the
laser apparatus 1s manufactured, and may be performed from
time to time during system maintenance, but 1s not per-
formed for each ophthalmic procedure. During an actual
ophthalmic procedure, 1t 1s only necessary to determine the
objective lens position that corresponds to the target focus
position. More specifically, as shown 1n FIG. 6, after the PI
1s coupled to the patient’s eye and to the housing of the laser
system 30 (step S61), the laser power 1s set to a low level
that does not cause any tissue modification in the eye (step
S562), and the objective lens 34 1s moved while the reflected
light signal 1s detected by the detector 37 (step S63). The
detected signal 1s analyzed to identily the objective lens
position (denoted Z,) that correspond to the peak of the
detected signal (step S64). Based on the position Z, and the
known value 0, which has been determined beforehand and
stored 1n the system, the objective lens position 7, that will
place the laser focus point at the distal surface of the PI lens
can be calculated by Z,=7,+0, and the objective lens posi-
tion Z that will place the laser focus point at a desired depth
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d below the distal surface of the PI lens can be calculated by
/=7 ,+0+d=7,+d. This relationship 1s used to move the
objective lens to any desired depth 1n the eye (step S65). A
scanner assembly 1n the laser source 31 can then be operated
to scan the focus point 1n three dimensions within the eye
according to desired scan patterns (step S66).

The above methods may be performed automatically
using a controller 40 which 1s electrically coupled to the
laser source 31, the detector 37, and the movement structure
of the objective lens 34. The controller may 1nclude suitable
clectrical circuitry, and/or microprocessors, and/or a com-
puter, along with associated memory storing computer-
readable program instructions.

An advantage of the system shown in FIG. 3 1s that 1t
climinates the pinhole and confocal lens of the confocal
detection system. This increases the robustness of the system
as 1t uses fewer components, and relaxes the associated
alignment requirement. Even though 1t does not use a
confocal system, the system still has the flexibility that the
detector can be located at any convenient location along the
optical path. The system can achieve approximately the
same precision 1 Z position determination as using a
confocal system.

The glass burning eflect, 1.e. the phenomenon of light
behavior change due to plasma formation at the glass
surface, described above 1n connection with step S52 of the
7. position calibration method, may also be used for other
purposes 1n an ophthalmic laser system.

For example, the glass burning phenomenon may be used
by 1tself to determine the position of the PI lens surface. In
other words, step S52 described above may be performed,
without performing step S51, to determine the objective lens
position which corresponds to the focus point being placed
at the PI lens surface. This position may then be used as a
reference position 1n actual ophthalmic procedure to focus
the laser beam to any desired depth below the PL lens
surface. This method may be employed 1mn an ophthalmic

laser system that uses a non-confocal configuration such as
that shown in FIG. 3, or a confocal configuration such as that
shown 1 FIG. 1.

Moreover, this method may even be used with an external
photodetector, 1.e., a detector that 1s not located inside the
physical housing of the ophthalmic laser system, by pointing
the photodetector at the surface of the PI lens. It has been
observed that when the laser focus point 1s moved from the
air and reaches the glass surface, the light emitted from the
glass surface 1n other directions (not just toward the objec-
tive lens) changes suddenly. This sudden change may be
detected using the external photodetector to determine the Z
position of the objective lens that focuses the beam at the PI
lens surface.

In another example, the glass burning phenomenon may
be used to check the health of the laser system. In a well
maintained laser system, the threshold values of various
system parameters, such as the pulse power setting, that
would produce glass burning of the PI lens can be deter-
mined. Then, at a later time, such as after the system 1s
shipped to a different location, the glass burning procedure
1s repeated at the threshold values of the system parameters.
If the glass burning occurs as expected, then 1t indicates that
the laser system 1s 1n optimum condition. Conversely, 11 the
glass burning does not occur, then it indicates that the laser
system 1s not 1 optimum condition. Such a procedure may
be performed using a confocal configuration or non-confocal
configuration, or using an external photodetector as
described above.
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The optical system with a non-confocal configuration as
shown 1 FIG. 3 may also be used to achieve a microscope
imaging system that does not employ a confocal lens and a
pinhole. Stmilar to the confocal microscopy technique, the
objective lens focuses the illumination light to a small
volume inside the sample, and light originating from this
tocal volume 1s focused by the objective lens onto the small
detector, without using a confocal lens or pinhole. Images
are built by scanming the probed focal volume inside the
sample. This technique can achieve similar results as con-
tocal microscopy. The technique 1s applicable for high NA
objective lens microscope since such objective lens decrease
the depth of field. Thus, for a very small focal displacement,
a very large beam diameter 1s expected at the detector plane.
As a result, only reflected light from a very small focal field
1s detected by the detector, achieving a similar effect as
confocal microscopy.

It will be apparent to those skilled 1n the art that various
modification and vanations can be made 1n the ophthalmic
laser system and related Z position calibration method of the
present invention without departing from the spirit or scope
of the invention. Thus, it 1s intended that the present inven-
tion cover modifications and variations that come within the
scope of the appended claims and their equivalents.

What 1s claimed 1s:

1. An ophthalmic laser system comprising:

a laser source configured to generate a parallel light beam:;

an objective lens configured to focus the parallel light
beam to a focus point;

an objective lens movement structure configured to move
the objective lens 1n a Z direction which 1s parallel to
an optical path of the ophthalmic laser system;

a light intensity detector;

a beam splitter disposed to guide a portion of the light
beam from the laser source to the objective lens and to
guide a portion of a back-reflected light beam, which
has been retlected back by a reference retlective surface
disposed 1n front of the objective lens and has passed
through the objective lens, to the light intensity detec-
tor, wherein the reference reflective surface 1s a surface
attached to the laser system other than any anatomical
structure of an eye of a patient,

wherein the optical path 1s free of any lens between the
objective lens and the light intensity detector;

a controller electrically coupled to the light detector and
the objective lens movement structure, the controller
being configured to control a movement of the objec-
tive lens and to analyze a corresponding light intensity
signal detected by the light intensity detector, which
represents an intensity of the light which has been
reflected back by the reference retlective surface and 1s
incident on the light intensity detector, including to
determine that a position of the objective lens 1n the Z
direction 1s at a predefined position with respect to the
reference reflective surface by determining a peak of
the light intensity signal detected by the light intensity
detector.

2. The ophthalmic laser system of claim 1, wherein the
light intensity detector has an effective detection area of 1
mm”~ or less.

3. The ophthalmic laser system of claim 1, wherein the
objective lens 1s configured to focus the parallel light beam
to the focus point having a size of 2 um or less.

4. The ophthalmic laser system of claim 1, wherein the
objective lens has a numerical aperture of 0.4 or higher.

5. The ophthalmic laser system of claim 1, further com-
prising:
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a housing, wherein the light intensity detector 1s mounted
in the housing at a fixed location, and wherein the
objective lens 1s moved relative to the housing; and

a patient 1nterface optical element mounted on the hous-
ing and having an optical surface disposed to receive
the light beam from the objective lens and to reflect a
part of the received light beam back to the objective
lens, wherein the optical surface of the patient interface
optical element forms the reference retlective surface.

6. The ophthalmic laser system of claim 5, wherein the

controller 1s further electrically coupled to the laser source,
the controller being further configured to:

set a power of the light beam to a first power below a
plasma threshold for the patient interface optical ele-
ment, and while the power 1s set to the first power:
control the objective lens movement structure to move

the objective lens 1n the Z direction;
control the light intensity detector to measure a light
that has been reflected back by the optical surface of
the patient intertace optical element and has passed
through the objective lens;

analyze a light intensity signal produced by the detector
while the objective lens 1s moved; and

determine a first position of the objective lens that
corresponds to a peak position 1n the light intensity
signal;

set the power of the light beam to a second power above
the plasma threshold for the patient interface optical
clement, and while the power i1s set to the second
power:

control the objective lens movement structure to move
the objective lens in the Z direction to move the light
focus point from a position outside of the patient
interface optical element through the optical surtace
to a position inside the patient interface optical
element;

control the light intensity detector to measure a light

that has been reflected back by the optical surface of
the patient interface optical element and has passed
through the objective lens; and

determine a second position of the objective lens that
corresponds to a sudden decrease 1n the light inten-
sity signal; and

calculate a difference between the first and second posi-
tions as an oilset value and store the oflset value.

7. The ophthalmic laser system of claim 6, wherein the
optical surface 1s a distal optical surface of the patient
interface optical element.

8. The ophthalmic laser system of claim 5, wherein the
controller 1s further electrically coupled to the laser source,
the controller being further configured to:

control the objective lens movement structure to move the

objective lens 1n the Z direction;

control the light intensity detector to measure a light that

has been retlected back by the optical surface of the
patient 1nterface optical element and has passed
through the objective lens;

analyze a light intensity signal produced by the detector

while the objective lens 1s moved;

determine a {irst position of the objective lens that cor-

responds to a peak position 1n the light intensity signal;
calculate a second position of the objective lens based on
the first position, an oflset value pre-stored in the
controller, and a depth value, wherein the offset value
represents a distance between the optical surface of the
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patient interface optical element and a light focus
position that corresponds to the peak position 1n the
light intensity signal;

move the objective lens to the second position; and

operate the laser source to scan the focus point of the light

beam according to a scan pattern.

9. The ophthalmic laser system of claim 8, wherein the
oflset value 1s a fixed value determined by a focal length of
the objective lens and a fixed length of the optical path from
the light intensity detector to the optical surface of the
patient interface optical element.

10. The ophthalmic laser system of claim 8, wherein the
optical surface 1s a distal optical surface of the patient
interface optical element.

11. A method implemented in an ophthalmic laser system,
the ophthalmic laser system comprising a laser source for
generating a light beam, a moveable objective lens for
focusing the light beam, a light intensity detector for detect-
ing a light signal from the objective lens, and a controller,
the method comprising:

mounting a patient interface device on the ophthalmic

laser system, the patient interface device having an
optical element with a distal optical surface;

using the objective lens to focus the light beam generated

by the laser source to a focus point located inside the
patient interface optical element;

moving the objective lens to move the focus point;

using the light intensity detector, detecting a back-re-

flected light that has been retlected by the distal optical
surface of the patient interface optical element and has
passed through the objective lens, to generate a light
intensity signal, wherein the back-reflected light travels
from the objective lens to the light intensity detector
without passing through any other lens;

analyzing the light intensity signal to determine a first

position of the objective lens that corresponds to a peak
position 1n the light intensity signal;

calculating a second position of the objective lens based

on the first position, a pre-stored oflset value, and a
depth value, wherein the oflset value represents a
distance between the distal optical surface of the patient
interface optical element and a light focus position that
corresponds to the peak position 1n the light intensity
signal;

moving the objective lens to the second position; and

operating the laser source to scan the focus point of the

light beam according to a scan pattern.

12. The method of claim 11, wherein the light intensity
detector has an effective detection area of 1 mm~ or less.

13. The method of claim 11, wherein the focus point has
a s1ze of 2 um or less.

14. The method of claim 11, wherein the objective lens
has a numerical aperture of 0.4 or higher.

15. An ophthalmic laser system comprising:

a laser source configured to generate a light beam:;

an objective lens configured to focus the light beam to a

focus point;

5

10

15

20

25

30

35

40

45

50

55

14

an objective lens movement structure configured to move
the objective lens 1n a Z direction which 1s parallel to
an optical path of the ophthalmic laser system;

a housing, wherein the objective lens 1s moved relative to
the housing;

a patient 1nterface optical element mounted on the hous-
ing and having an optical surface disposed to receive
the light beam from the objective lens and to retlect a
part of the received light beam back to the objective
lens;

a light intensity detector disposed to receive a portion of
a light reflected or scattered by the optical surface;

a controller electrically coupled to the laser source, the
light intensity detector and the objective lens move-
ment structure, wherein the controller 1s configured to:

set the power of the light beam to a predetermined power;

while the power of the light beam 1s set to the predeter-
mined power, control the objective lens movement
structure to move the objective lens 1n the Z direction
to move the light focus point from a position outside of
the patient interface optical element through the optical
surface to a position mside the patient interface optical
element;

while moving the objective lens 1n the Z direction, control
the light intensity detector to measure a light that has
been reflected or scattered by the optical surface; and

based on a light intensity signal measured by the light
intensity detector during movement ol the objective
lens, determine whether or not a sudden change 1n the
light intensity signal occurred which indicates that a
glass burn has occurred.

16. The ophthalmic laser system of claim 15, wherein the
predetermined power 1s above a plasma threshold for the
patient interface optical element, and wherein the light beam
1s configured to burn the optical element when the focus
point 1s mside the optical element,

wherein the controller 1s further configured to:

upon detecting a sudden change in the light intensity
signal measured by the light intensity detector, deter-
mine a position of the objective lens that corresponds to
the sudden change 1n the light intensity signal; and

store the determined position of the objective lens as a
reference position corresponding to a Z direction posi-
tion of the optical surface.

17. The ophthalmic laser system of claim 15, wherein the
controller 1s turther configured to determine whether or not
the ophthalmic laser system 1s in an optimum condition
based on whether or not a glass burn has occurred.

18. The ophthalmic laser system of claim 15, wherein the
optical surface 1s a distal optical surface of the patient
interface optical element.

19. The ophthalmic laser system of claam 15, further
comprising a beam splitter disposed to guide a portion of the
light beam from the laser source to the objective lens and to
guide a portion of a back-reflected light beam, which has
been reflected back by the reference reflective surface dis-
posed 1n front of the objective lens and has passed through
the objective lens, to the light mtensity detector.
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